Using spectroscopy from the Sloan Digital Sky Survey Data Release Seven, we systematically determine the electron density n e and electron temperature T e of active galaxies and star-forming galaxies while mainly focusing on the narrow-line regions (NLRs). Herein active galaxies refer to composites, low-ionization narrow emission-line regions (LINERs) 2−3 cm −3 . The temperatures in the NLRs range from 1.0 to 2.0×10 4 K for Seyferts, and the ranges were even higher and wider for LINERs and composites. The transitions of n e and T e from the NLRs to the discs are revealed.
ment giving the best overall fit with the recombination decrement for T e =10 4 K, n e = 10 4 cm −3 in Cyg A (Osterbrock & Miller 1975; Osterbrock 1983 ). Koski (1978) have found that the average density in the line-emitting gas of 20 Seyfert 2 galaxies is approximately 2000 cm −3 and that the average temperature is approximately 12 000 ∼ 25 000 K. Walsh (1983) has studied the Seyfert nuclei of NGC 1068 and has found that the electron density range is 9×10 4 to 5×10 5 cm −3 , assuming an electron temperature of ∼15 000 K.
Two different types of strategies are often applied to investigate an object class: one is to study one or a few well-observed individual objects, and the other is to study a large sample of objects. The advantage of the former strategy is the more detailed and accurate treatment of data, yet it poses the risk of misidentifying the truly representative characteristics. In contrast, the latter strategy, which is usually based on a homogeneous data-set, allows us to utilize the information contained in collective trends and correlations. The former strategy has been more frequently used when investigating the physical conditions of NLRs (e.g. Kraemer, Ruiz & Crenshaw 1998; Kalser et al. 2000; Barth et al. 2001; Collins et al. 2009; Kraemer et al. 2009 ). In comparison, there have been only a few previous estimates of the density and temperature of a large sample of AGN NLRs (e.g. Rodríguez et al. 2000; Sulentic, Marziani & Dultzin-Hacyan 2000; Bennert et al. 2006; Xu et al. 2007 ). Because of the success of the Sloan Digital Sky Survey (SDSS), we have a large data set to use in order to investigate the NLRs of AGNs in the local Universe (e.g. Hao et al. 2005a,b; Zhou et al. 2006; Liu et al. 2010; Shen et al. 2011) . In order to prepare accurate and trustable input parameters for the nextstep modelling, we follow the second strategy in this study. Narrow emission-line galaxies can be generally separated into four classes: star-forming galaxies, composites, low-ionization nuclear emission-line region (LINERs), and Seyfert galaxies. It is important to understand how these four classes differ in their ionization sources and thus temperatures, densities as well as emission, in order to build a picture of the local Universe. Baldwin, Phillips & Terlevich (1981) (hereafter BPT) have proposed using optical emission-line ratios to classify the dominant energy source in emission-line galaxies. The BPT diagrams are sensitive to the hardness of the ionizing radiation field. The first semiempirical classification to be used with the standard optical diagnostic diagrams was derived by Osterbrock & de Robertis 1985 and Veilleux & Osterbrock 1987 , providing better optical classifications. These classification schemes have been significantly improved using the SDSS (e.g. Kewley et al. 2006, hereafter Ke06) . With the improved optical classifications, for the first time, we are able to analyse the plasma diagnostic results accurately and to systematically distinguish between the different classes within an observationally homogeneous sample.
The present paper is organised as follows. In Section 2, we give a description of our sample selection criteria. Sample definitions are included in Section 3, while Section 4 is devoted to the plasma diagnostic results. In Section 5, we focus on NLRs, providing statistical n e and T e analyses and making comparisons between different classes. In Section 6, we further apply the diagnostic results obtained and present a comparative study dealing with the relationships of physical properties, such as stellar mass (M ⋆ ) and specific star formation rate (SFR/M ⋆ ), in different classes. In Section 7, we discuss the shock effects and low-metallicity AGN candidates for further study. Finally, we summarize our main results in Section 8. Throughout this paper, we assume a flat ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7, and H o = 70 km s −1 Mpc −1 .
SAMPLE SELECTION
The SDSS (York et al. 2000; Stoughton et al. 2002 ) uses a dedicated, wide-field, 2.5-m telescope (Abazajian et al. 2009 ) at the Apache Point observatory, New Mexico, for CCD imaging in five broad-bands, ugriz, over 10 000 deg 2 of high-latitude sky, and for the spectroscopy of a million galaxies and 100 000 quasars over this same region; these goals have been realized with the seventh public data release (DR7 1 ; Abazajian et al. 2009 ). The images were reduced (Lupton et al. 2001; Stoughton et al. 2002; Pier et al. 2003; Ivezic et al. 2004 ) and calibrated (Hogg et al. 2001; Smith et al. 2002; Tucker et al. 2006) , and galaxies were selected in two ways for follow-up spectroscopy covering 3800-9200 Å at a resolution of λ/∆λ ≃ 1800. The spectra were taken using 3-arcsec diameter fibres, positioned as close as possible to the centres of the target galaxies. Several improvements have been made to the spectroscopic software since DR5, particularly with regards to wavelength calibration, spectrophotometric calibration and the handling of strong emission lines (Adelman-McCarthy et al. 2008; Abazajian et al. 2009 ).
The SDSS data base has been explored by several groups, using different approaches and techniques. Our analysis is based on data products from the catalogues 2 obtained by the Max-Planck Institute for Astronomy (MPA, Garching) and John Hopkins University (JHU). The MPA/JHU catalogues are excellent resources for statistical studies of nearby narrow-line AGN populations because of the very large sample size (e.g. 33 589 AGN in DR2 and 88 178 in the DR4 catalogue) and because of the inclusion of additional data for the host galaxies, such as emission-line analyses and some derived physical properties, including stellar masses (Kauffmann et al. 2003a; Gallazzi et al. 2005; Salim et al. 2007 ), star formation rates ), and gas phase metallicities for star-forming galaxies . The MPA/JHU group has publicly released catalogues for a total of 927 552 SDSS galaxies corresponding to DR7, a significant increase in size from their previous DR4 release. A number of improvements are made due to develppments both in the SDSS reduction and analysis pipelines. The emission-line fluxes given in the MPA/JHU catalogues have all been corrected for foreground (galactic) reddening (O'Donell 1994).
Selection criteria
Our sample selection criteria are as follows.
(i) The signal-to-noise (S/N) is > 5 in the strong emission lines
The S/N criteria are required so that we can accurately classify the galaxies into star-forming or AGN-dominated classes. As discussed on the website 3 , the uncertainties (i.e. * FLUX ERR) are likely to be underestimates of the true uncertainties. By using the duplicate observations of galaxies to compare the empirical spread in value determinations with the random errors, the MPA/JHU group presents the results given as 'scale uncertainties' in their DR7 release to correct for the underestimates. We adopt this correction and increase the uncertainty estimates on the emission lines by multiplying by the listed line flux uncertainty estimate factors.
(ii) Objects with no stellar mass (M ⋆ ) measurements (both total and fibre estimates) and poor specific star formation rate (SFR/M ⋆ ) estimation (i.e. FLAG = 1) in the catalogues are excluded. We utilize these two derived parameters to probe the galaxy formation histories of different classes of emission-line galaxies in our sample.
(iii) Broad-line AGN contaminations are removed. Hao et al. (2005a) have discussed the method of identifying broad-line AGNs in the SDSS DR4 spectra. They have proposed FWHM(Hα) > 1200 km s −1 as the selection criterion for defining broad-line AGNs. We apply this classification to our data to remove broad-line AGN contaminations, using the SIGMA_BALMER given in the MPA/JHU catalogues to derive FWHM Balmer = SIGMA_BALMER× 2.355.
Note that herein we have not included any cuts on redshift, as in previous works on SDSS emission-line galaxies (e.g. Ke06). In fact, the aperture effects, in Section 5, we present and discuss the aperture effects, or more precisely how the determined n e and T e (plasma diagnostics in Section4) vary as a function of the physical aperture size. Although LINERs typically have lower luminosities than Seyfert galaxies and are therefore found at lower redshifts than Seyferts in the magnitude-limited SDSS, this issue does not strongly affect our analysis because we are only interested in the typical range and representative values of n e and T e .
After applying the above three criteria, our resulting parent sample contains 46 867 emission-line galaxies.
Extinction correction
The emission line fluxes are corrected for dust extinction. In this study, we use the assumptions given by previous studies. We use the Balmer decrement for Case B recombination at T = 10 4 K and n e ∼ 10 2−4 cm −3 , the dust-free Balmer-line ratio Hα/Hβ value of 2.86 for star-forming galaxies and theoretical AGN value of 3.1 for composite galaxies, LINERs and Seyferts, and the relation given by Osterbrock & Ferland (2006) I Hα I Hβ obs = I Hα0 I Hβ0 intr 10
Applying the average interstellar extinction law, we have f (Hα) − f (Hβ) = 0.347 as summarized from Fitzpatrick (1999) . Theoretically, the Balmer decrement has been determined over a range of temperatures and densities for two cases: Case A (assuming the Lyman series is optically thin) and Case B (assuming the Lyman series is optically thick). Generally, Case B recombination is a better approximation for most nebulae. Some calculated Case B results (i.e. ratio descriptions) for the H I recombination lines have been given by table B.7 in Dopita & Sutherland (2003) or table 4.4 in Osterbrock & Ferland (2006) . Although we can conversely obtain observational Balmer decrements with Balmer series measurements using n e and T e estimates and the given ratio descriptions, the variations as a result of temperature and density should not be significant compared with our current values. Furthermore, although we can predict the Hα/Hβ value for Case B by using the T e and n e estimates, considerable errors must be introduced by not only the measurements of line intensity uncertainties but also the algorithm used for solving n e and T e . We should mention here that Groves, Brinchmann & Walcher (2012) have found a systematic bias in the SDSS DR7 MPA/JPU catalogues (i.e. a 0.35-Å underestimation of the emission-line H β equivalent width) and have suggested that the DR7 A V estimates could be overestimated by a mean difference of -0.07 mag. However, this effect is not important in our analysis. Veilleux & Osterbrock 1987) . Using the calibrations obtained by Kewley et al. (2001) (hereafter Ke01), Kauffmann et al. (2003c) (hereafter Ka03) and Ke06, we subdivide each of the three samples into four classes: star-forming galaxies, composites, LINERs, and Seyferts.
According to this scheme, our sample of 15 717 galaxies contains 1842 (11.7 per cent) Seyferts, 95 (0.6 per cent) LINERs, 1338 (8.5 per cent) composites, and 11 744 (74.7 per cent) star-forming galaxies. The rest are ambiguous galaxies (698; 4.4 per cent), which are classified as one type of object in one or two diagrams and classified as another type of object in the remaining diagram(s). Hereafter we exclude the 698 ambiguous galaxies. Fig. 1 shows the sample distributions in the three BPT diagrams. It is confirmed that (strong) [O III] λ4363 is more easily detected for Seyferts, which is also a clue for some alternative source of ionization in these galaxies. The compositions of the different galaxy classes in sample A, B and C are shown in Table. 2. It is clear that L [O III] shows a correlation with the [O III] λ4363 intensity, an effect that is not seen in L Hβ . Seyferts, LINERs and composites have similar redshift values, and are more distant than star-forming galaxies (refer to Table. 2). In addition, Seyferts and LINERs have higher L [O III] than composites and star-forming galaxies, which suggests different ionization sources are present in different type of galaxies.
After performing extinction corrections, we calculate A V in seven M ⋆ bins (see Table. 3), where A V = R V × E(B − V) = (3.1c)/1.47 where R V = 3.1, on average, in the Milky Way and 
Class: NLR-dominated objects
The NLR is generally a few kiloparsecs across (e.g. Bennert et al. 2002; Netzer et al. 2004) , although ionized gas has been seen at even larger ranges in some objects. Therefore, the NLR is a limitedsmall region in its host galaxy, and is most likely a combination of gas fluorescing in response to the active nuclei and material being ionized by massive stars nearby. The SDSS 3-arcsec diameter fibres subtend a variable amount of the total light as the redshift varies; therefore, the aperture effects are significant when considering physical conditions such as n e and T e . In this section, we focus on the NLRs in our samples to gain insight into the relative contributions of the NLR and disc as the physical aperture sizes vary.
In the spectra of Seyfert 2 galaxies, the narrow (permitted and forbidden) emission lines show typical linewidths (FWHM) of 300-500 km s −1 (e.g. Kollatschny & Wang 2006) . For LINERs, the FWHM (permitted and forbidden) could be even greater than those of the Seyfert 2 galaxies. Fig. 2 shows histograms of FWHM Balmer for active galaxies (i.e. Seyferts, LINERs and composites; cf. the estimation of FWHM Balmer in Section 2). The linewidths range from 100 to 600-800 km s −1 with median values of 250, 335, and 419 km s −1 for composites, Seyferts, and LINERs, respectively. We also check the FWHM of forbidden lines and the median values (in the same order) are: 264, 341 and 439 km s −1 . Not surprisingly, the transition objects (i.e. composites) have narrower lines compared to LINERs, as is expected because of differences in their average Hubble types and the well-known dependence of nebular linewidth on bulge prominence (e.g. Ho 1996) . In addition, we see that LINERs have wider permitted lines than Seyferts. Table 4 summarizes the FWHM-selected objects in detail. It is not surprising that objects with FWHM Balmer > 300 km s −1 are much more easily found in LINERs and Seyferts than in composites. Here, we notice that there are 168 (with S/N > 1; ∼1.4 per cent) narrow-line star-forming galaxies. Thus we plot these star-forming galaxies in the BPT diagram (i.e. [N II]/Hα versus [O III]/Hβ) and we find that these objects generally lie along the Ka03 pure star-forming line with no significant dispersions; we suppose they could be misclassified and actually be transition objects (i.e. composites). Bennert et al. (2006) have studied the NLRs in Seyfert 2 galaxies from spatially resolved optical spectroscopy. They have suggested that the lower limits of NLR size are 1-5 kpc and are limited by either the S/N data or the lack of a strong surrounding stellar ionization field. We convert redshifts into physical aperture size (i.e. φ in kpc) for the SDSS 3-arcsec fibre. Ho (2008) has claimed that the NLRs in luminous Seyferts span from 50 pc to 1 kpc in radius. Additionally, Bennert et al. (2002) have measured the NLR sizes based on a sample of Seyferts. They have found a strong correlation between the NLR radius (R NLR ) and the [O III]λ5007 luminosity, which was scaled to the cosmology by Netzer et al. (2004) , adopted in this paper. This can be written as
where L 0.52±0.06
/ 10 42 erg s −1 (the uncertainty on the constant 2.1 kpc is of the order of 15 per cent). We adopt this correlation to constrain the upper limits of R NLR in order to compare with the sampled aperture size (R obs ). Fig. 3 illustrates our NLR selection criteria. We require that lnφ < 1 kpc, FWHM Balmer > 300 km s −1 and R obs < R NLR for the so-called NLR-dominated (hereafter ND) objects. The other two classes are the disc-contaminated NLR (hereafter DN) and non-NLR (hereafter NN) objects. Table 5 is a summary of the three classes of objects. We examine how n e and T e vary as velocity dispersion increases. The results agree with the suggestion given by Heckman et al. (1981) that the kinematics and physical conditions of the narrow-line emitting gas are not strongly coupled. We utilize the class definitions in Section 5.
PLASMA DIAGNOSTIC RESULTS
The two best examples frequently used to measure the electron density are linewidths (FWHM) in NLRs, ranging from 300 to 500 km s −1 (e.g. Kollatschny & Wang 2006) , are comparable to, or are even larger than, the separation of the two [O II] lines, approximately 300 km s −1 . Therefore, the [O II] intensity ratio, which is a good electron density diagnostic in H II regions and planetary nebulae, cannot be applied to AGNs (Osterbrock & Ferland 2006 (Osterbrock & Miller 1975) . Because of the different critical densities of the line transitions, the [O III] ratio is no longer a valid thermometer in the high-density (i.e. 10 6 cm −3 ) regions usually seen in broad-line regions (BLRs; e.g. Ho 2008 ). However, considering that the average physical aperture coverage of the SDSS 3-arcsec diameter fibres for galaxies at z > 0.02 (cf. Table 1 ) is much larger than the typical size scale of the BLRs, the [O III] ratio is therefore still a reasonable temperature estimator in our case. Moreover, although the [O III] ratio is relatively sensitive to reddening correction because of the significant line separation, the mean impact for temperature measurements is no more than 10 per cent in our sample. In this study we choose to derive the electron density and electron temperature using
The calculations of electron density and temperature are processed with the current atomic data 4 using the TEMDEN task Note that because the density-sensitive tracer R[S II] used here is easily excited in a range of physical environments, we suggest that the n e estimates should be considered as the mean values of the sampled regions because of the multi-phase nature of the ISM. Correspondingly, the value of T e derived from R [O III] with n e from R[S II] will be biased to higher values. Given n e 10 5 cm −3 , the offsets would generally be no more than 2000 K as long as T e < 20 000 K (e.g. Osterbrock & Ferland 2006) . Therefore, we claim that the diagnostics applied compose the most acceptable and feasible methodology for analysing a large SDSS sample such as ours.
At an assumed temperature or density, there are some objects 5 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy under cooperative agreement with the National Science Foundation. 6 Available at http://www.stsci.edu/institute/software hardware/stsdas labelled as 'TONS', which is short for 'T e with [O III] and N e with [S II]'; this designation means that no (consistent) results were found using the simultaneous calculation processes (see Table 6 ). For example, it is noticeable that 2541 CSF (i.e. sample C starforming galaxies) show T e > 1.5×10 4 K (cf. columns 11 and 12 of Table 7 ), while 1742 (∼ 70 per cent) of these are actually TONS 1 (1109) or TONS 2 (633) objects. Therefore, we further check the intensity ratios of these TONS objects.
For the TONS 2 , TONS 3 and TONS 4 objects, using the uncertainty measurements of the [S II] The plasma diagnostic results are summarized in Table 7 , and Fig. 4 shows the normalized histograms of n e and T e . The main results are as follows.
Electron density. Considering the density results, we can see a clear sequence (cf. columns 5 and 6 of Table 2 for the abbreviations). The characteristic n e range of active galaxies, including Seyferts, LINERs and composites, is 10 2−3 cm −3 , while that of the star-forming galaxies is 10 1−2 cm −3 . As shown in Fig. 4(a) , the n e sequence mentioned above is visible. However, we see a bimodal number distribution of n e , which is especially significant for star-forming galaxies. To check whether this is a real effect, we examine the R[S II] distribution and we can confirm no corresponding bimodality. In fact, the typical uncertainty for objects with n e < 10 is ∼40 cm −3 in our sample. As a result, the bimodal distribution is most likely introduced by the algorithm used for calculating the electron density in the TEMDEN package and is therefore not a physical real effect.
Electron temperature. The temperature results are listed in Table  7 (cf. columns 9 to 12). Fig. 4 Table 7 ) and show the highest number fraction of high T e species (i.e. T e > 1.5×10 4 K; cf. column 11 and 12 of Table 7 ). Thirdly, a remarkable result is that the composites as a group show a value of T e very close to that of the LINERs and approximately 5000 K higher than that of the Seyferts. This result reveals the existence of very different dominating ionizing source(s) in composites from those in star-forming galaxies. For star-forming galaxies, the derived temperatures are generally consistent with the classical diagnostic results of bright planetary nebula (∼ 1.1×10 4 K). Moreover, as revealed in Fig. 4 , the active galaxies (e.g. LINERs and composites) show a significant tail extending to much higher temperatures, up to 6×10 4 K, which is far too high to be explained only by photoionization caused by stars.
ELECTRON DENSITY AND ELECTRON TEMPERATURE IN NLRS
Electron density in NLRs. As shown in Fig. 5 , most NLRs lie in the n e range of 10 2−3 cm −3 . Only seven Seyferts, seven composites and one LINER have lower values of n e , some of which might be the result of flux measurement uncertainties. We have tried higher densities of 10 5−6 cm −3 to calculate T e [O III] for our selected NLRs, but a significant fraction of Seyferts show values no greater than 6000 K, which could not be representative of the cases of NLRs of AGNs found in the literature (e.g. Bennert et al. 2006) . Thus, our results suggest that the characteristic n e range in NLRs of active galaxies is 10 2−3 cm −3 . Electron temperature in NLRs. As illustrated in Fig. 5 , the typical range of T e in Seyferts is 1.0-2.0×10 4 K, with a median value of 1.4×10 4 K. Because both the selected LINERs and composites contain larger fractions of sample C objects than the Seyferts, and the T e derived could thus be biased to lower values, the typical range of these two classes could be higher and wider than that shown in Fig. 5 . aperture size lnφ for Seyferts in bins of lnφ. For a precise evaluation, we further calculate the mean values of n e and T e for different types of objects. As shown in Table 8 , Table 5 for the classifications). The unexpected low value of T e for NLRdominated NLR LINERs and the high value of T e for non-NLR LINERs can most likely be explained by selection biases: the former is a result of the small sample size (i.e. only two from sample C) and the latter is because the non-NLR LINERs are sampled at lower redshifts than the disc-contaminated NLR LINERs and are biased to regions close to the galaxy centres. For composites and star-forming galaxies, we find no clear transition, as seen in the Seyferts. Therefore, we have checked further and found that this result was due to misclassification; that is, the correlation (see equation 2) found by Bennert et al. (2002) was derived from Seyferts.
the n e and T e of Seyferts show transitions from the NLR to the disc: n ND S Y > n DNR S Y > n DNL S Y > n NN S Y and T ND S Y > T DNR S Y > T DNL S Y > T NN S Y (refer to
We have reported single and statistical estimates of n e and T e for the NLRs of active galaxies. Physically, the emission-line regions are, by their nature, multi-phase media, and thus densities and temperatures are strongly coupled with non-uniformity. When modelling the NLRs, both density and temperature could vary with different physical conditions, and such non-uniformity or multi-phase nature should be considered (e.g. Binette, Wilson & Storchi-Bergmann 1996; Komossa & Schulz 1997; Baskin & Laor 2005 ). We will leave this discussion to a companion paper, which will focus on modelling.
High-T e NLRs in line-ratio diagnostic diagrams
One item remaining in the problem of modelling of NLR is the socalled temperature problem: the difficulty in reproducing high T e [O III] with photoionization models. For instance, (Heckman & Balick 1979) have claimed that T e > 20 000 K requires a source of energy in addition to photoionization. Traditionally, two different av- enues have been explored when modelling the NLRs: photoionization and shock ionization. It is generally believed that photoionization is the dominant excitation mechanism in most AGNs, while the intrinsic defect of all shock models (e.g. Allen et al. 2008 ) is that they require shocks throughout the NLR and that they cannot, alone, explain all NLR emission because shock signatures cannot always be observed. There have been several previous to solve the temperature problem from different perspectives (e.g. Binette, Wilson & Storchi-Bergmann (1996) ). Here, we compare some of the current models with our selected high-T e object data. Line-ratio diagnostic diagrams are commonly used to visualize and compare models with observations. Temperature and ionization are fundamentally determined by the ionization source. First, we try both AGN (Groves, Dopita & Sutherland 2004a,b) and shock (Allen et al. 2008 ) model libraries, which are currently available with ITERA. The former are photoionization models of the NLRs of AGN, while the latter consider fast shock effects. We find that the AGN models fit our observations better. Previous observations indicate that the NLR clouds are likely to be dusty and clumpy in nature. The dusty AGN models consider this effect to produce a physical model to explain why and how the AGN NLRs cluster on line ratio diagrams: dust dominates the opacity in dusty gas at high U, and the gas pressure gradient must match the radiation pressure gradient in isobaric systems. Therefore, these assumptions lead to a self-regulatory mechanism for the local ionization parameter and hence for the emission lines. We have conducted further experiments and found that the dusty, radiation-pressure dominated, photoionized AGN model grids can best reproduce our data when assuming a gas density of n H =100 cm −3 and a power-law index α = −1.4. In Fig. 7 , we can see that the observed flux ratios are generally well described by the dusty AGN model predictions. However, some remaining problems still need to be addressed, as follows.
(i) Our NLR data present a characteristic n e range of 10 2−3 cm −3 . The fact that the dusty AGN grids fit the data with density n H = 100 cm −3 better than other density constraints is illustrative.
(ii) Despite the overall good fitting, the model grids present a systematic overestimation by a factor of 2 in the [
is sensitive to extinction correction and it decreased by approximately 30 per cent after correction. Even when including the uncertainties introduced by extinction corrections, the remaining discrepancy is still remarkable.
(iii) Although emission line ratios support photoionization as the dominant ionization mechanism, the high gas temperatures and velocities observed within the NLR indicate that shocks might play a part in this region (see the discussion in Section 7.2 ).
(iv) Some of these high-T e , strong [O III]λ4363 emission Seyfert 2 galaxies show low-metallicity (i.e. Z/Z ⊙ ∼ 1; see the discussion in Section 7.3).
To proceed, we will try to physically model the NLRs and probe these problems in a companion paper.
M ⋆ AND SFR/M ⋆
The electron density and temperature are quantities representing the current statuses of NLRs, while stellar mass (M ⋆ ) and star formation rate per unit mass (i.e. the specific star formation rate, SFR/M ⋆ ) provide information about the galaxy formation histories. Either stellar mass is conserved or it is a slowly increasing quantity unaffected by morphological transformations and mergers (e.g. Hopkins et al. 2009 ). Traditionally, the masses of galaxies are estimated by dynamical methods from the kinematics of their stars and gas. The specific star formation rate has either explicitly or implicitly been used in numerous studies of field galaxies at z < 1. It defines a useful measure of the rate at which new stars add to the assembled mass of a galaxy (i.e. a characteristic time-scale of star formation) and it is strongly related to several other important physical quantities (e.g. Clark & Oey 2002).
We adopt M ⋆ and SFR/M ⋆ derived using the methodologies of Kauffmann et al. 2003a , respectively. Kauffmann et al. (2003a have constrained the stellar masses of galaxies using two stellar absorption-line indices (the 4000-Å break strength D n 4000 and the Balmer absorption-line index Hδ A ). Brinchmann et al. (2004) have obtained the SFR and SFR/M ⋆ by two means: for star-forming galaxies, they used the observed Hα luminosity and converted this into a SFR, while for composites and AGNs, they used a calibration based on D n 4000. The sample they used was drawn from SDSS DR2 with essentially all aperture bias removed. Note that their results are based on a model grid (Charlot et al. 2002) , ensuring a consistent picture for the attenuation of continuum and line emission photons.
In this section, we turn our attention to M ⋆ and SFR/M ⋆ and we analyse both the relations between the two properties for different classes and their relations with the obtained plasma diagnostic results. Then, we compare these physical properties of the NLRs to those of the host galaxies.
M ⋆ versus SFR/M ⋆
It is interesting to plot SFR/M ⋆ as a function of M ⋆ . Previous studies have shown that galaxies generally split into two basic populations: concentrated galaxies with low SFR/M ⋆ and low-mass, less concentrated galaxies with high SFR/M ⋆ (e.g. Kauffmann et al. 2003b; Brinchmann et al. 2004) . However, this is far from the full story. Salim et al. (2007) have constructed a two-dimensional probability distribution function in the (log SFR/M ⋆ , log M ⋆ ) plane and found that different types of emission-line galaxies occupy relatively distinct portions of the parameter space. Here, we attempt to provide more details.
(i) Fig. 8 (bottom panels) shows that the SFR/M ⋆ of the starforming galaxies slowly decreases with increasing M ⋆ from approximately 10 8 to 10 11 M ⊙ , while those with high M ⋆ show a much less pronounced correlation. Interestingly, those 'less active' galaxies are indeed active galaxies: Seyferts and LINERs. Most composites are located at the junction connecting the AGN and star-forming branch. The distribution pattern agrees well with that presented by Salim et al. 2007 .
(ii) As shown in Table 3 , objects with high A V (e.g. sample C composites), generally reside in the conjoining region. They have a much higher A V than the Seyferts at constant M ⋆ . In general, high mass galaxies are older than low-mass galaxies, at a fixed stellar mass, studies show that high SFR galaxies yield relatively younger populations than those with lower SFR (e.g. Schaerer, de Barros & Sklias 2012) . In other words, galaxies with lower SFR/M ⋆ along with higher M ⋆ , on average, have experienced active star-forming activities and therefore are intrinsically older (e.g. Heavens et al. 2004) . Given that the amount of dust produced is proportional to the amount of stellar mass, as shown in the top panels in Fig. 8 , we speculate that some wide-reaching mechanisms (e.g. outflows driven by the AGN) might act to blow out dusty gases or consume a significant fraction of the dust content while lowering the SFR/M ⋆ for massive galaxies.
(iii) The selected NLR-dominated objects are plotted in Fig. 8 (red solid squares), contrasting with the background host galaxies (grey dots). In the (log M ⋆ , log SFR/M ⋆ ) parameter planes, the NLRs distribute uniformly with the host galaxies, only biasing unsurprisingly to higher masses for the composites, because they reside in massive active galaxies by nature. To be observed, optical SFRs require emission-line luminosities and thus the aperture effects on emission-line luminosities can lead to strong biases in star-formation rate studies. In the (log M ⋆ , A V ) plane, we observe that the NLRs-dominated objects, on average, present higher A V values, which is also expected. Brinchmann et al. (2004) have proposed an aperture correction method and have calculated the likelihood distribution of the SFR for a given set of spectra with global and fibre g − r and r − i colours. They have proposed that their correction method is robust, only if 20 per cent (a criterion argued by Kewley, Jansen & Geller 2005 ) of the total r-band light is sampled by the fibre; thus, a redshift z > 0.04 is required for SDSS. However, as given in Section 5, only systems with lnφ < 1 (i.e. z < 0.046) are considered to be NLR-dominated. With these considerations, no precise conclusion can yet be reached, and further specific observations might be helpful. (iv) Finally, active galaxies with strong [O III] λ4363 emission behave unexpectedly. A/BSY and A/BL distribute uniformly with CSY/L, and A/BC are located on the high SFR/M ⋆ side with lower M ⋆ compared to CC objects (refer to Table 2 for the abbreviations). Meanwhile, the situations are quite different in the starforming cases: A/BSF definitely have both much lower M ⋆ and higher SFR/M ⋆ compared to CSF objects. As we have previously understood, strong [O III] λ4363 emissions in star-forming galaxies imply high T e and low cooling efficiency, and thus low gaseous metallicity; therefore, these objects have higher SFR/M ⋆ than weak [O III] λ4363 emission star-forming galaxies at constant M ⋆ . However, this reasoning will not work in the AGN cases. Taking the Seyferts as an example, it seems that the occurrence of strong [O III] λ4363 emission is just a matter of frequency: there is no significant separation between the strong (i.e. S/N > 5) and weaker (i.e. 1 < S/N < 5) [O III] λ4363 Seyferts in the (log M ⋆ , log SFR/M ⋆ ) plane, compared to composites and star-forming galaxies. In addition, the strong [O III] λ4363 Seyferts distribute in a much wider range of SFR/M ⋆ (i.e. -10.6 < SFR/M ⋆ < -9.2) than the corresponding star-forming ones (i.e. -9 < SFR/M ⋆ < -8.2). Assuming that the classifications of narrow emission-line galaxies are correct, we believe that such significantly different distribution patterns reveal some intrinsic physics related to [O III] λ4363 generating mechanisms and the properties of the central energy sources in galaxies. Some studies have shown that, in general, the ionization potential of the emission region is positively correlated with the [O III] λ4363 flux (e.g. Nagao, Murayama & Taniguchi 2001; Vaona et al. 2012) . Therefore, we refer to the results described above as the 'evolutionary pattern of AGN with high ionization potential'. The key point is regarding the nature of the high-energy processes that excite the [O III] coronal lines in active galaxies. For example, the results from Aird et al. (2012) demonstrate that the same physical processes regulate AGN activity in all galaxies in the M ⋆ range (i.e. 9.5 < log M ⋆ < 12) and could most likely be provoked by the energetically central nucleus. -8.60 8.7 -9.04 -8.99 9.3 -9.65 -9.36 -9.17 9.8 -10.16 -10.16 -9.66 -9.57 10.3 -10.28 -10.54 -9.81 -9.56 10.7 -10.48 -10.83 -9.80 -9.60 11.2 -10.80 -10.89 -9.91 -9.70 
Galaxy formation timescale sequence
It is now commonly accepted that the star formation history of a given galaxy depends strongly on its mass. Higher values of the specific SFR suggest that a larger fraction of stars was formed recently. The specific SFR is often called the galaxy present-day build-up time-scale, while M ⋆ is the product of the overall galactic star-forming processes. We compare the mean SFR/M ⋆ of the four classes in seven M ⋆ bins. 
Therefore, we consider these two clues combined as an indicator of galaxy formation history: it is generally true that
where Y is present-day star-formation time-scale. However, this should not be confused with an actual galaxy age, because the specific SFR tells us only how long it would have taken to build a galaxy, assuming it had a current SFR throughout its lifetime.
In Fig. 9 , we plot four classes of emission-line galaxies: Seyferts, LINERs, composites and star-forming in the (log M ⋆ , log SFR/M ⋆ ) plane. We define an empirical base point on the logscale M ⋆ versus SFR/M ⋆ diagram, [-10.30, 10.48] , which corresponds to M ⋆ = 3 × 10 10 M ⊙ and SFR/M ⋆ = 5 × 10 −11 yr −1 (marked in Fig. 9 ). The latter threshold is a 'by-eye' division, because most star-forming galaxies perfectly distribute above the vertical dashed line. Kauffmann et al. (2004) have found that the transition from a young to old stellar population takes place at a characteristic M ⋆ of 3 × 10 10 M ⊙ , the logscale value of which is ∼10.48. For galaxies with M ⋆ , above this threshold, the distribution of sizes and concentrations at fixed stellar mass is independent of their local environments, and these galaxies have high stellar masses, high concentrations, high surface densities, little on-going star formation and red colours. Now we use the base point described above as the vertex to determine the angle, which is labelled φ S FR/M⋆ , that each galaxy in our sample makes with the x-axis in the (log M ⋆ , log SFR/M ⋆ ) plane. Fig. 10 shows the normalized histograms of this angle corresponding to different galaxy types. Notice that, for accuracy, those with log-scaled specific SFR exceeding −12 are not included (i.e. objects that lie below the dotted lines in Fig.9 are not counted because SFR/M ⋆ estimates trend to be inaccurate past ∼10 −12 yr −1 ; Brinchmann et al. 2004) . We can see that the histograms of the Seyferts and LINERs look quite similar and both peak at φ S FR/M⋆ ∼ 300
• , while composites and star-forming galaxies specify very different distributions: the former peaks at approximately 90
• and the latter at approximately 140
• .
Current status versus formation history
Utilizing previously obtained n e and T e , which indicate the current statuses of galaxies, along with the dust attenuation A V , finally we Figure 10 . Normalized histograms of φ S FR/M⋆ , which is the angle relative to the x-axis in the M ⋆ versus SFR/M ⋆ diagram, using the empirical point [-10.30, 10 .48] as the vertex (see Fig. 9 ). From top to bottom, we show Seyferts (A/B/CSY; refer to Table 2 analyse their relations with galaxy formation history, indicated by M ⋆ and SFR/M ⋆ . Fig. 11 illustrates our sample distributions in five property pairs. We notice the following.
Dust attenuation.
The amount of dust content shows a pronounced correlation with the amount of stellar mass (i.e. massive galaxies contain more dust). As a function of SFR/M ⋆ , A V shows a positive correlation at low SFR/M ⋆ and then becomes negative. Objects with log SFR/M ⋆ ∼ -10 have the highest A V , and the NLRdominated objects (red triangles) have a wide range of A V and show both high M ⋆ and low SFR/M ⋆ , compared to the host galaxies (grey dots).
Electron density. As a function of M ⋆ , n e also shows a positive correlation and reaches the highest value at the massive end. As a function of SFR/M ⋆ , a significant threshold is clearly revealed. A large fraction of objects with log SFR/M ⋆ < -10 have n e > 100 cm −3 , while those with log SFR/M ⋆ > -10 show a much wider n e distribution. Most of the NLRs naturally lie in high n e regions.
Electron temperature. Compared to both A V and n e , T e displays much less pronounced correlations with both M ⋆ and SFR/M ⋆ . The existence of an unexpected high-T e branch is quite remarkable. The branch appears at approximately 9.5 < log M ⋆ < 11 and -10.4 < log SFR/M ⋆ < -9.4. The NLRs as a group show higher T e than the host galaxies.
A significant T e 'pumping-up' is shown in Fig. 11 . As listed in Table. (Fig. 12) . Moreover, we can see in Fig. 11 that objects from sample A and sample B form a bimodal distribution in M ⋆ and SFR/M ⋆ , which is not seen in sample C. Given that [O III] λ4363 correlates with galaxy activity, we argue that there exists a distinct low-activity population in active galaxies with 9.5 < log M ⋆ < 11 and -10.4 < log SFR/M ⋆ < -9.4, which might indicate some evolutionary stage. Stellar photoionization is not the only process that leads to the formation of emission lines. In fact, ionization can also be produced in shocks (e.g. Dopita, Groves & Sutherland 1995 , 1996 . To explain the observed emission line ratios, the possible contribution of shock-heating to photoionization must be examined. The cooling radiation from shocks produces high-energy photons that contribute to ionization. Kinetic energy is transformed into thermal energy, and the energetic thermal electrons can ionize the gas. Shocks are ubiquitous in galaxies. For example, shocks in AGNs can be caused by jets, winds or supersonic turbulence. Here, we find several emission line spectral indicators that can help trace the effects of shocks.
(i) The density calculations show that the strong [O III] λ4363 AGN density is 100-150 cm −3 higher than those that show no [O III] (see Section 4). Shocks generate compression, and therefore high gas densities. While temperature-sensitive line ratios change with the metallicity of the gas, they are also strongly affected by the ionization state of the gas. Therefore, shocks and the varying contribution of star formation and AGNs to the ionization become important.
(ii) Table 7 (see column 12) lists objects with T e > 20 000 K in each subsample, and we have shown in Section 5.3 that the dusty AGN model grids can fit some of these objects well. Shock heating produces very high temperatures (of the order of millions of K), leading to collisional ionization, and the production of highly ionized species. In fact, as we can see from Table 7 and Fig. 11 , high T e species are more easily found in LINERs and composites with strong [O III] λ4363 emission with certain SFR/M ⋆ values. Thus, this indicates high-energy processes in their emission-line regions and the significant contribution of shocks evoked by the active nucleus, and even hot post-asymptotic giant branch stars and white dwarfs must be important (e.g. Stasińska et al. 2008 ). Groves, Dopita & Sutherland (2006a) have reported that the observed NLR spectra reveal much flatter mid-IR spectral slopes than those obtained in most NLR models. This suggests that shocks are a possible explanation for the difference between the model and observed slope. We confirm that it is both sensible and necessary to consider the combination of photoionization and shock. Additional multi-wavelength (especially infrared) observations could be very helpful in achieving this goal.
Strong [O III] narrow-line AGN: low-metallicity candidates?
"The physics of the NLR is simpler than that of the broad-line region; the physical conditions are in fact similar to H II regions, so that many of the metallicity-sensitive emission line ratios that are routinely applied to star-forming galaxies are also good diagnos- tics in the NLRs. Storchi-Bergmann et al. (1998) have calibrated several of these emission line ratios for nearby AGN, using H II region determined metallicities and photoionisation models. However, the similarities between the NLRs and the H II regions in a galaxy lead to ambiguities when estimating abundances. Unless spatially resolved observations can be obtained, it is often difficult to disentangle the contributions to the emission-line spectrum from the NLR and star-forming regions within the galaxy", cited from Groves et al. (2006b) . Low-metallicity AGNs appear to be very rare objects, at least locally. Currently, emission-line-based estimates of AGN metallicities at both high and low redshifts indicate that AGNs have predominantly solar-to-supersolar metallicities (e.g. Groves et al. 2006b ). This phenomenon is expected only if AGNs are old galaxies, are experiencing more supernova explosion events or even mergers, and are sitting on the later part of galaxy evolutionary sequence. From a theoretical point of view, when the total metallicity of a photoionized nebula decreases, there are several effects that cause changes in the final emission-line spectrum (e.g. Dopita & Sutherland 2003; Osterbrock & Ferland 2006) . For example, as metallicity decreases, the temperature of the nebula conversely increases. This is a result of the decrease in the efficient cooling metal emission lines and the availability of more highenergy photons to ionize the hydrogen (Sutherland & Dopita 2003) .
Using the SDSS DR4 data, Groves et al. (2006b) have found 40 low-metallicity AGN candidates selected out of the 23 000 Seyfert 2 galaxies. They expected that these candidates with masses below 10 10 M ⊙ could have metallicities approximately half those of typical AGN. Coincidentally, many of the candidates they found show the [O III] λ4363 line in their spectra. They have suggested that the use of a low-mass selection criterion supported by the observations reveals a correlation between mass-and metal-sensitive line ratios, and that the existence of [O III] λ4363 indicates higher gas temperatures in these objects and thus low metallicities. If their results are correct, we suggest that our strong [O III] λ4363 emission AGNs selected from SDSS DR7 similarly contain lowmetallicity AGN candidates (as shown Fig. 7 ). Using our refined ranges of density and temperature as input parameters for our NLR modelling, which will be the topic of a companion paper, we aim to reproduce the observational evidence and, as a definite challenge, obtain metallicity calibrations for active galaxies in order to further check these candidates.
SUMMARY
We have presented a statistical study based on spectroscopy of a large-sample from SDSS DR7. Our sample comprises 15 019 objects with a median redshift ∼ 0.08 and is divided based on [O III]λ4363 detection quality: 1100 in sample A (i.e. S/N > 5), 1411 in sample B (i.e. 3 < S/N < 5), and 13 212 in sample C (i.e. 1 < S/N < 3). First, we determined electron density and electron temperature through I[S II] λ6716 /λ6731 and I[O III] λ5007/λ4363, respectively. To focus on the NLRs, we required that FWHM Balmer > 300 km s −1 and the physical aperture size lnφ < 1 kpc to select the NLR-dominated objects within our sample. Then, we analysed a typical range of n e and T e of these objects and compared them with those of the host galaxies. Furthermore, we have utilized the plasma diagnostic results along with M ⋆ and SFR/M ⋆ to study the relations between these physical properties for four different classes of emission-line galaxies. Our main results are listed as follows.
(i) The typical range of density in NLRs of AGNs is 10 2−3 cm −3 . (ii) The typical range of temperatures in NLRs of AGNs is 1.0-2.0×10 4 K for Seyferts; for LINERs and composites, this range could be higher and wider.
(iii) Transitions of both n e and T e from the NLRs to the discs are revealed (i.e. both n e and T e decrease outwards).
(iv) Two sequences are proposed: T LINER T composite > T S ey f ert > T star− f orming and n LINER n S ey f ert > n composite > n star− f orming .
(v) The median value of n e is ∼ 150 cm −3 higher in both Seyferts and LINERs with strong [O III] λ4363 emission than in those with weak [O III] emission, most likely indicating some effect of shocks.
(vi) LINERs and composites show the median T e to be approximately 2.0×10 4 K, which is twice as much as that of star-forming galaxies and far too high to be explained by only stellar photoionization.
(vii) Some strong [O III] λ4363 emission Seyfert 2 galaxies with T e > 15 000 K can be fitted with dusty AGN model grids at lowmetallicity (i.e. Z/Z ⊙ ∼ 1).
(viii) LINERs with strong [O III] λ4363 emission simultaneously contain more dust and indicate the coexistence of old stellar populations and some specific high-energy process.
(ix) Objects with high A V reside in a certain region of the M ⋆ versus SFR/M ⋆ diagram, suggesting that some wide-reaching mechanisms blow out or consume a significant fraction of dust contents, and meanwhile lower SFR/M ⋆ for the massive galaxies. (xii) The NLR-dominated objects have higher M ⋆ and lower SFR/M ⋆ than the host galaxies, most likely suggesting that the NLRs reside in old and massive active galaxies.
In conclusion, we find several pieces of evidence pointing to additional source(s) of ionization other than the fact that photoionization by hot stars must be working to produce the highly ionized species such as the strong [O III] λ4363 line in NLRs of AGNs. Previous observations have shown correlations between jets and NLRs. The high gas temperatures and velocity dispersions present in our sample imply that the combination of shock and radiation heating might work as well. The best-known choice of ionization source is the energetic central nucleus, and (weak) shocks might be generated by feedback from AGNs in mergers or by the inflation of cavities by the central AGN. With our refined ranges of density and temperature as input parameters for the AGN NLR modelling, in a companion paper, we intend to reproduce the observational spectra and, furthermore, to obtain metallicity calibrations for active galaxies.
